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Load cells under a free slab in the pavement, coupled with electronic equipment. 
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Reported by 0. K. NORMANN, Chief, Traffic Operations Section, 
and R. C. Hopkins, Electrical Engineer 


Comprehensive information on the gross weights, speeds, axle weights, 
and axle spacings of trucks traveling the Nation’s highways is an important 
part of the vast body of knowledge necessary for the understanding and solu- 
tion of our transportation problems. In the use of existing means of obtain- 
ing such data, involving portable loadometers and pit scales manned by rela- 
tively large crews, trucks must be stopped, and usually only a sample of the total 
traffic can be weighed and measured. 

This article describes the development of an electronic weighing device 
which can measure axle weights, axle spacings, and speeds of vehicles moving 
at their normal operating speeds along the highway. The device consists of a 
narrow, free platform built in the surface of a traffic lane and supported by 
load cells containing columns to which are affixed groups of wire strain gages. 
The weight applied to the platform by a vehicle passing over it produces 
changes in the electrical currents flowing through the strain gages, and these 
changes, through electronic equipment, are reproduced as a pattern of light on 
an oscilloscope where they are photographed for record purposes. 

A road detector tube, placed on the pavement at a predetermined dis- 
tance in front of the platform, serves as a timing trigger for the sweep of the 
light spot across the oscilloscope, and from the recorded pattern not only axle 
weights but also axle spacings and the speed of the vehicle can be determined. 

While the basic theory involved in the operation of this device is not unduly 
complicated, the experimentation and development work were beset with many 
electronic and structural problems. Many of these have been solved; others 
have been overcome in principle but are yet to be effected in practice. 

For static weighing, the electronic scale is as accurate as the conventional 
lever-system pit scale. For highway-planning purposes, the electronic scale in 
its present stage of development is suitable for determining the frequency of 
different axle and truck weights, axle spacings, and speeds of vehicles without 
interfering with their normal operation. For enforcement purposes, through 
the use of an electronic scale of this type it is possible to cull out trucks with 
axle weights or total weights approaching or exceeding legal weight limitations. 

There is good prospect that the electronic scale will be so improved that 
its accuracy in weighing vehicles in motion will approach still more closely the 
accuracy already attained in static weighing. It is also probable that simpler 
and less costly electronic equipment can be designed, and an oscillograph may 
prove an adequate substitute for the oscilloscope and recording camera. 
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Figure 1.—Oscilloscope pattern of speed, axle-spacing, and axle-weight, with 


calibrated scales. 


I NOWLEDGE regarding the weights of 

trucks traveling over the Nation’s high- 
ways 1S a prerequisite to a thorough un- 
derstanding of our national transportation 
problems. Trucks are weighed to obtain 
information on the tonnage of freight car- 
ried by the several vehicle types on the var- 
ious highway systems, to determine the 
magnitude and frequency of axle loads for 
highway design purposes, and to enforce 
license, tax, and load-limit laws. 

At present, weighing trucks for highway 
planning and design purposes generally in- 
volves some sampling process. The most 
common sampling technique presently em- 
ployed requires a six-man party equipped 
with portable loadometers. Such a party 
can seldom weigh more than 200 trucks per 
8-hour day, at a cost of from $100 to $150. 
Truck operators object to the delay some- 
times encountered at a weighing station 
and frequently use circuitous routes to avoid 
the station, even though the data obtained 
are used only for highway planning pur- 
poses and no law enforcement is connected 
therewith. 

Common practice in enforcement of legal 
weight limits requires that, at any enforce- 
ment station, all trucks be stopped and 
weighed, excepting perhaps those obviously 
empty or of very light weight. Inconveni- 
ence and sometimes considerable delay to 
all operators result, even though only a 
small percentage are overloaded. 

In realization of the widespread need for 
a scale which can weigh vehicles at their 
normal highway speeds, the Bureau of Pub- 
lic Roads during the past several years has 
investigated the possibility of adapting var- 
ious types of mechanical and electrical de- 
vices to this problem. Experimental vehi- 


af 


cle-weight recordings were made, using sev- 
eral electronic systems and various weight- 
sensitive electrical components such as vari- 
able resistors of carbon granules, variable 
capacitors, and strain gages. Of these, the 
highly perfected resistance-wire strain gage 
seemed most adaptable to vehicle-weighing 
requirements. 

Electronic scales for weighing stationary 
objects or materials with an exceedingly 
high degree of accuracy have been in use 
for a number of years. Electronic scales 
are now being used to weigh freight cars 
while traveling at slow speeds, and to weigh 
materials in hoppers and ladles or materials 
picked up by cranes. At the time that the 
electronic scale described in this article was 
constructed, however, there was no record 
of a successful attempt to weigh motor 
vehicles while traveling at their normal 
highway speeds. 

Basically, the electronic highway scale 
consists of a free platform built in the sur- 
face of a traffic lane and supported by load 
cells. A small voltage output of the load 
cells is amplified to operate a recorder 
which shows the weight of either a static 
or dynamic load. The load cells employed, 
and their associated electronic equipment, 
normally comprise an aircraft weighing 
kit used by commercial airlines, the Air 
Force, and the Navy to weigh their planes 
periodically and determine their centers of 
gravity. Usually, a plane is jacked up to 
flight position with a load cell between each 
of the three jacks and the jack points. 
Each cell must be capable of measuring 
within an accuracy of 10 pounds for any 
weight up to 50,000 pounds. The manufac- 
turer of the kit, Cox and Stevens Aircraft 
Corporation, Mineola, N. Y., has cooperated 
in furnishing and adapting these compon- 
ents to the highway scale. Other instru- 
ments used for the scale are commercially 
available. 

This report of progress to date discusses 
the circuitry and physical features of the 
scale. Also included is a discussion of its 
present accuracy, the improvements made 
during the investigation to attain this de- 
gree of accuracy, and desirable electronic 
and structural modifications that will fur- 
ther improve the scale and reduce the com- 
plexity of operation. 


Conclusions 


The results of the tests made to date have 
been of sufficient scope to justify the fol- 
lowing conclusions: 

1. For static weighing, electronic scales 
in proper operating condition are as accu- 
rate as the conventional lever-system scales. 
Based on data obtained from these tests 
and other sources, electronic scales designed 
for the purpose for which they are used 
have a good record for retaining their cali- 
bration. 

2. For highway-planning purposes, an 
electronic scale of the type described here 


2 


TOP PLATE AND SHELL 
ASSEMBLY 







La 
COMPENSATING 
RESISTORS 


DUMMY 


/ COLUMNS | 


Figure 2.—The load cell. 


is suitable for obtaining data on the fre- 
guency of different axle and truck loads, 
and the gross tonnage on a section of high- 
way, without affecting the normal speeds of 
trucks. If desired, accurate measurements 
of vehicle speeds and axle spacings can be 
obtained at the same time. 

38. For enforcement purposes, through 
the use of a scale of this type it is possible 
to cull out the trucks with axle loads or 
total loads which approach or exceed legal 
weight limits without affecting the normal 
speeds of most of the trucks. It is esti- 
mated, for example, that with a legal axle 
load of 18,000 pounds and a legal gross load 
of 50,000 pounds, all the trucks with illegal 
loads would be included in those which the 
scale recorded as having axle loads in excess 
of 16,000 pounds and gross loads in excess 
of 47,000 pounds. For enforcement pur- 
poses the trucks with loads approaching or 
in excess of the legal limits would have to 
be weighed statically to obtain a record 
which would be recognized in court at the 
present time. 

4. There is a good possibility that the 
accuracy of the scale for weighing trucks 
in motion will be improved to approach still 
more closely the accuracy obtained by 
weighing trucks statically. 


Electrical Principles 


The electronic highway scale is a straight- 
forward application of simple electrical 
principles. The experimental instrumenta- 
tion is very intricate, however, and the cir- 
cuitry of a practical scale may also be com- 
plex, although it need not be complicated 
in its operation. 

The basic electrical principle upon which 


the electronic scale operates is that the re- 
sistance of a conductor is proportional to its 
length and inversely proportional to its 
cross-sectional area. The resistance-wire 
strain gage, usually consisting of several 
parallel wires connected in series and held 
solidly in alinement with a special cement- 
ing filler, makes use of this principle. 
When a strain gage is in turn bonded to 
some structural or mechanical part, a ten- 
sion of the part in line with the strain gage 
will lengthen the wires and reduce their 
diameter, thereby increasing the resistance 
of the gage. Conversely, a compression of 
the part will reduce the gage resistance in 
proportion to the compressing force. The 
weight-sensitive load cell shown in figure 2 
consists of columns to which strain gages 
have been bonded. 

The electrical circuit of a load cell is a 
resistance network, commonly called a 
Wheatstone bridge, in which the current 
flow resulting from an applied voltage is 
divided equally so that there is no difference 
in potential at the output terminals. This 
resistance network consists of several wire 
strain gages mounted on columns so that 
compression of the columns deforms strain 
gages in opposite arms of the Wheatstone 
bridge, which in turn effects an unbalance 
in the resistance network, and consequently 
there is a difference in potential between the 
output terminals. The value of this poten- 
tial difference is proportional to the com- 
pressing force. 


Registering Components 


To complete the electronic scale, a regis- 
tering component must be provided and a 
means of calibrating the compressive forces 
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is necessary. The cell output must also be 
sufficiently amplified to operate the record- 
ing device. ; 

The short dummy columns of the load 
cell (fig. 2) carry no load. Strain gages 
mounted on these columns serve as the ma- 
jor temperature-compensating components 
in the cell and eliminate the need for ad- 
justment of calibration with changes in 
temperature. 

Four load cells were used in the experi- 
mental scale, as shown in figure 3. Each 
cell in itself was a complete Wheatstone 
bridge plus temperature and modulus-com- 
pensating resistors. The cells were con- 
nected in parallel so that the amplifier input 
would be a measure of the total unbalance 
of the four cells. This provided for the 
accurate indication of any weight, regard- 
less of its position on the platform. <A low- 
voltage 400-cycle current was supplied to 
the cell input because amplifiers for alter- 
nating current are generally more stable 
electrically than amplifiers for direct cur- 
rent. The cell output was fed through a 
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Figure 3.—Block diagram of the electronic scale. 


range-control and calibrating-resistance net- 
work to a voltage amplifier and indicating 
meter. Also, a small voltage from the 
400-cycle oscillator was fed directly to a 
phase-sensitive detector preceding the null- 
indicating meter so that the direction of the 
meter deflection showed whether the load 
was being increased or decreased. The 
range-control and calibrating-resistance net- 
work was composed of precision resistors so 
connected that known changes in cell un- 
balance could be directly produced to com- 
pensate for platform weight or other dead 
load on the scale and to calibrate the oscillo- 
scopic presentation. The range-control and 
vernier potentiometer were also used to re- 
balance the bridge circuit for static weigh- 
ing operations. 

Weighing vehicles at normal highway 
speeds was accomplished by connecting an 
oscilloscope to the output of the second 
stage of the four-stage voltage amplifier 
included in the aircraft weighing kit. An 
oscilloscope contains a cathode-ray tube 
similar to a television picture tube. The 


cathode-ray tube in this case had a screen 
which would retain an image for a short 
time. A measure of the cells’ unbalance 
was presented on the screen as a pattern 
which represented the weight for each axle 
of a vehicle. In addition, a photographic 
record was made of these transient phe- 
nomena. 

The horizontal progression of the focused 
spot of light on the screen of the oscillo- 
scope is called the sweep. The sweep speed 
is controlled by the rate of charge of a 
capacitor through a resistor, and only the 
flatter portions of this charging curve were 
usable as a time base. It was desirable, 
therefore, to provide a means for readily 
choosing a linear portion of the sweep. To 
accomplish this, a square-wave generator 
was used. This instrument produces an al- 
ternating current which changes from a 
constant positive value to a constant nega- 
tive value in zero time as contrasted with 
the sine-curve wave form of conventional 
alternating current. The square-wave gen- 
erator was connected to the Z axis of the 


3 








Figure 4.—The oscilloscope and associated electronic equipment in use. 


oscilloscope so that chosen time intervals 
eould be shown on the screen by blanking 
out the beam at a low-frequency rate. This 
produced a series of equal time dashes on 
the screen, and the sweep-generator con- 
trols could then be adjusted to provide 
linear time increments throughout the screen 
width. A rapid change could then be made 
from a slow sweep speed for recording all 
axles of a vehicle to a fast sweep speed for 
single-axle or tandem-axle recording and 
still provide records with abscissas directly 
referable to unit time. 

To provide a tie between the sweep of the 
oscilloscope and the progress of a vehicle in 
the traffic lane, a road detector was used 
in front of the scale platform. The distance 
between the road detector tube and the plat- 
form was set so that the visible sweep of 
the oscilloscope coincided with the passage 
of the vehicle wheels across the scale plat- 
form. The front wheels of a vehicle pass- 
ing over the road tube triggered the sweep 
circuit in the oscilloscope, permitting the 
focused spot as seen on the oscilloscope 
tube to sweep the screen at its predeter- 
mined rate. 

As each wheel of the vehicle passed over 
the scale platform, the visible spot was also 
deflected vertically by a signal from the am- 
plifier of the weighing kit. The amplitude 
of the vertical deflection was a measure of 
the axle weight. As the point of origin 
could be computed and rate of horizontal 


4 


progression of the spot was known, the posi- 
tion of the weight indication of the front 
axle also was an indication of the vehicle 
speed, and the position of the weight indi- 
cations of succeeding axles showed also a 
measure of axle spacing. 


Operation of Electronic Scale 


A typical set-up procedure will best de- 
scribe the operation of the components of 
the weighing equipment. The weighing kit, 
oscilloscope, control box, and square-wave 
generator were placed conveniently on the 
bench, generally as shown in figure 4. The 
shielded cable from the load-cell junction 
box was connected to the weighing kit and 
the units were interconnected as shown in 
the block diagram (fig. 3). The road-de- 
tector tube was located at a distance in 
front of the scale platform, normally 41 
feet, which was determined by the range in 
vehicle speeds. After connecting the air- 
switch cable to the control box, the set-up 
was complete. 

It was found during the tests that the 
speed of the focused spot across the screen 
and the magnitude of its vertical deflection 
with a given load had a tendency to change 
during the first half hour of operation. To 
avoid errors due to changes in calibration 
because of instrument drift, a half-hour 
warm-up period was allowed prior to the 
start of each series of tests. During this 


warm-up period, the oscilloscope controls 
were adjusted within their operating range. 
The Y axis of the oscilloscope was cali- 
brated in pounds by unbalancing the bridge 
circuit with the load switch in 5,000-pound 
steps. This method of electrically intro- 
ducing an artificial load with the factory- 
calibrated weighing kit eliminated the need 
for calibrating the oscilloscope scale by 
placing actual known loads on the plat- 
form. The accuracy of this procedure was 
confirmed by field tests. Usually the Y-pos- 
ition, Y-attenuator, and Y-amplitude con- 
trols were set so that a 20,000-pound load 
caused a vertical deflection of 20 divisions 
on the screen. Deflection values for other 
weights were then recorded as shown by the 
typical weight-calibration record in figure 5. 

A weight seale such as that appearing in 
figure 1 (p. 1) was computed from these 
weight calibrations. An axle weight is de- 
termined from it by alining the arrow at 
the bottom of the scale with the lowest 
point of the axle pattern and then reading 
the weight at the top of the pattern. The 
distance on the scale from the arrow to the 
zero reading represents the width of the 
pattern with no load on the scale. 

The purpose of the study and the type of 
data to be recorded during each study de- 
termined the setting of the sweep speed. 
A two-second sweep time allowed all axles 
of trucks traveling within the normal range 
of speeds to be presented on the oscillo- 


April 1952 e PUBLIC ROADS 











20,000 LB. 





Figure 5.—Patterns of electrically introduced artificial 
loads for weight calibrations. 


scope, whereas a one-fifth-second sweep 
time would permit a detailed presentation 
of single-axle or tandem-axle weights. An 
appropriate frequency was then selected on 
the square-wave generator: 20 cycles per 
second for the slower sweep and 50 cycles 
per second for the faster sweep. By ob- 
serving the number of time marks per inch 
throughout the width of the oscilloscope 
screen, a combination adjustment of the 
sweep range, sweep vernier, X-position, and 
X-amplitude controls produced the exact 
linear speed desired. 

Figure 6 shows a typical recording made 
before the final sweep adjustments had 
been made. Since the spot started its 
sweep at some point off the visible screen, 
a known time point was established by re- 
cording the axle weights of a passenger 
vehicle traveling the known distance from 
the road detector tube to the scale platform 
at a known speed. Knowing the road-tube 
spacing, vehicle speed, and the frequency of 
the equal time pulses, the time and speed 
scales which appear on figure 1 could be 
computed. 

The weighing kit was provided with a 
balancing potentiometer which was adjust 
during the warm-up period to bring the null- 
indicating meter to center scale when the 
scale platform was unloaded. At the end 
of the warm-up period, a slight readjust- 
ment of the sweep vernier and the Y-ampli- 
tude control prepared the instruments for 
operation. 

Any vehicle for which axle weights were 
desired could be selected by closing the 
switch on the control box and opening the 
camera shutter as the vehicle approached 
the road tube. After the passage of the 
vehicle the camera shutter was closed, the 
film was advanced, and the control-box 
switch was opened to prepare the instru- 
ment for the next vehicle to be recorded. 
With manual operation of the camera, the 
complete recording cycle required about 
10 seconds. In occasional cases where two 
trucks were closely spaced, it became neces- 
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sary to select the one for which data were 
desired. 

A recording of axle weights and spacings 
and vehicle speed is shown in figure 1. 
The derivation of the time, speed, and 
weight scales superimposed on this figure 
has been previously described. Using these 
scales, it can be determined from the pat- 
tern made by the vehicle that it was travel- 
ing 39.5 miles per hour, had axle weights 
of 7,500 pounds, 12,200 pounds, and 13,300 
pounds, and had axle spacings of 138.5 feet 
and 25.6 feet. The axle spacings were cal- 
culated after knowing the time spacings 
between the axles and their speed. 

For static weighing, the road tube, con- 
trol box, oscilloscope and camera, and 
square-wave generator were not used. The 
weighing kit was checked for balance and 
adjusted by the balancing potentiometer. 
One axle of the vehicle was run onto the 
platform, other wheels were trigged, the 
brakes released, and the null-indicating 
meter was brought back to center scale by 
adjusting the weight-indicating dials which 
were calibrated in pounds. The weight 
shown on these direct-reading dials was 


then the weight of the axle on the plat- 
form. 

This experimental scale was constructed 
entirely with commercially available instru- 
ments to test an electronic system for dyna- 
mic weighing. No major electrical changes 
were made in the individual units. The 
experience gained from the experimental 
scale now makes it possible to draw gen- 
eral electronic specifications for a scale de- 
signed for dynamic weighing which would 
provide reliability, accuracy, and simplicity 
of operation. 


Recommended Improvemenis 


Some of the more important features that 
should be included in an improved instru- 
ment designed for weighing vehicles in mo- 
tion which are relatively simple to accom- 
plish are: 

1. Redesign of the control box to pro- 
vide for automatic operation. To accom- 
plish this would require only the addition 
of one circuit which would reset the sweep 
trigger when the spot had completed its 
traverse of the oscilloscope screen. 

2. Design of cathode-ray tube circuits 
specifically for the scale. The oscilloscope 
now in use is a general-purpose instrument 
and therefore contains many features not 
used in conjunction with the highway scale. 
Also, the present instrument has a greater 
range of control over the circuits that are 
used than is desirable. The controls should 
be reduced to those for spot position, spot 
intensity, focus, weight calibration, and 
sweep calibration. The last two mentioned 
should each have only a single control dial. 
These should be calibration adjustments 
rather than complete controls of the ampli- 
fier gain and sweep speed now available in 
the oscilloscope. 

3. Automatic operation of the camera, 
and a large film magazine. 

4. Redesign of the weighing-kit circuits 
to provide a_ well-shielded oscillator, a 
stable amplifier with a simple gain calibra- 
tion and adjustment, and a vacuum-tube de- 





Figure 6.—Pattern produced by an automobile moving 40 miles per hour with 20 
time marks per second inserted for speed and axle-spacing calibration. 


Figure 7.—Above: Steel framework used to 
form the pavement slab in which the 
Below: Only 


an inside form was used for the pit. 


weighing pit was installed. 


tector so that the oscilloscopic presentation 
of weight is in one direction only from the 
zero, making for a single scale reading for 
each axle weight. 

5. Possible substitution of a pen or 
heated-stylus recorder for the cathode-ray 
oscilloscope and camera. 

Several of these design changes are now 
being incorporated in the present scale. 
Structural improvements are discussed at 
the end of the article. 


Construction of the Scale 


Concurrent with the electronic develop- 
ment, and of equal importance, a program 
of research was being conducted to deter- 
mine the most suitable structural and me- 
chanical features of the complete scale. 

In April 1951, when it appeared from a 
number of rather crude preliminary tests 
that there was a possibility of weighing 
vehicles in motion by an application of elec- 
tronic load cells, the last section of con- 
crete pavement on the Shirley Highway, a 
freeway in Virginia just south of Washing- 
ton, D. C., was nearing completion. This 
offered an opportunity to construct an elec- 
tronic scale for a minimum cost at a loca- 
tion that was ideal for development and 
test purposes. 

With the cooperation of the Virginia 
State Department of Highways and the 
contractor, the Williams Construction Com- 
pany of Norfolk, Va., the Bureau of Public 
Roads completed the construction of the pit 
and slab necessary for the installation of 
the load cells and electrical equipment on 
May 7, 1951. The exact location of the 
installation is on the Shirley Highway 1,000 
north of the intersection with U S 1 
near Woodbridge, Va. 


feet 


oH 





The design of the experimental scale was 
influenced by several considerations which 
now appear to be either elementary or of 
slight importance. Since the possibility of 
recording accurate weights of vehicles in 
motion seemed rather remote, due to the 
spring action of the vehicles and impact 
factors involved, it was obvious that an 
elaborate installation was not justified. It 
was necessary, however, that the installa- 
tion be constructed in such a manner that 
it would be adequate for an accurate test 
of the equipment and principles involved. 
It was also essential that the original in- 
stallation be designed so that changes could 
conveniently be made in the electrical equip- 
ment and in the suspension of the floating 
slab, as the investigation progressed, with- 
out the need of major changes or recon- 





struction of the pit located in the roadway.. 
Furthermore, it was desirable that the tests 
be conducted without unduly interfering 
with normal traffic operations on the free- 
way. ’ 

The floating slab supported by the load 
cells, and the pit under the floating slab 
which provides access to the load cells, were 
constructed in the right-hand lane of the 
two lanes used by southbound traffic. The 
highway carries an average of about 50 
dual-tired trucks per hour in each direc- 
tion, with a fairly uniform flow day and 
night. Most of the trucks normally use the 


right-hand lane at the location and are 
weighed by the Virginia Department of 
Highways on their conventional lever-sys- 
tem scales located 4 miles to the south. As 
a check on the accuracy of the electronic 


Figure 8.—The completed pit, showing the load cells in place and the turnbuckles attached 


to the pit brackets. 
the east end is shown below. 


The west end and the access manhole appear in the upper view; 
The floating slab, with the turnbuckle brackets attached 
to the bottom face, is shown in the inset. 
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seales for weighing vehicles in motion, the 
static weights of the trucks were obtained 
at the lever-system scales. 

Maximum possible smoothness of the 
pavement at the electronic scale was ob- 
tained by finishing the surface to the top 
edge of two 380-foot steel channels rather 
than to the top of conventional 10-foot con- 
crete forms. A framework of 10-inch chan- 
nels, as shown in figure 7, was constructed 
to form the outside dimensions of one con- 
crete slab 30 feet long and 12 feet wide, 
and the top of the inside walls of the pit. 
This framework was placed inside the con- 
ventional concrete forms and remained in 
place after the conventional forms were re- 
moved. One-inch steel bars spaced about 
8 feet apart in both directions were welded 
to the channel framework to supplement 
the steel-mesh reinforcing used throughout 
the project and to assure continued smooth- 
ness of the surface at the scale. Extra 
care was also taken to obtain a smooth sur- 
face on the two 30-foot slabs adjacent to the 
one in which the scale was located. 

The pit to accommodate the floating slab 
and load cells occupied the central 10 feet 
of the normal 12-foot traffic lane and was 
37% inches wide to allow a three-fourths- 
inch clearance between the floating slab and 
the walls of the pit. It would have been 
desirable to construct the pit for the entire 
12-foot lane width, but this would have in- 
troduced additional construction difficulties 
that did not seem warranted for this inves- 
tigation. The 36-inch width for the floating 
slab was selected to obtain the maximum 
size on which the weight of not more than 
one axle of a vehicle would be present at 
any one time. The clear distance between 
tire-contact areas on dual axles approaches 
a minimum of 8 feet. The thickness of the 
floating slab was 12 inches. It was rein- 
forced with 12-inch steel channels weighing 
35 pounds per foot which had been welded 
together to form the outside dimensions. 


The ends of 1-inch reinforcing rods spaced 
about 2 feet apart were also welded to the 
channels in addition to the two layers of 
wire mesh. 

The depth of the pit was 30 inches. This 
dimension was limited by the elevation of 
the bottom of the drainage ditch of the road- 
way. A greater depth for the pit would 
have been desirable if natural drainage 
from the bottom of the pit could have been 
provided. The bottom and walls of the pit 
were 12 inches thick. They were poured 
integrally with the surface of the rest of the 
30-foot slab. Access to the pit with the 
floating slab in place was through a man- 
hole located on the shoulder, as shown in 
the cover illustration. 

Two steel angle brackets were fastened 
on the long side of the pit and one on the 
short side, and corresponding brackets were 


REAR AXLE 
13,800 LB. 
30.8 DIV. 





bolted to the under side of the floating slab. 
These brackets were connected with tie bars 
and turnbuckles, to hold the slab in proper 
horizontal position. After the slab was in- 
stalled a %- by 1-inch rubber strip was 
placed in the space between the slab and 
the walls of the pit. 

The location of the four load cells and 
the turnbuckles for adjusting the tie bars 
that held the floating slab in its proper 
horizontal position is shown in figure 8. 
The cover illustration shows a view of the 
completed installation as it appeared on the 
surface of the road. 


Initial Tests of Accuracy 


A loaded two-axle dump truck was used 
in the first series of tests to determine the 
accuracy of the scale. 


The static weight of 


FRONT AXLE 
4,700 LB. 
8.6 DIV. 


Figure 9.—Static weight pattern for a two-axle truck, 





Figure 10.—Weight patterns for various speeds of the truck weighed statically in figure 9. 
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Table 1.—Recorded weights of two-axle truck at various speeds 





Based on longest vertical oscillation 





Based on extremes of pattern 























Front axle Rear axle Front axle Rear axle 
Speed ah, i 
Recorded 1 Recorded 1 Recorded 1 Recorded 1 
weight aes weight poe weight Bet weight ES 
M.p.h. Lb. Lb. Lb. Lb. Lb. Lb. Lb. Lb. 
Oi atu eee P Ze TOO mae ee 13, SO0sl aecnehton A LOOM Aten enter 13.300 seer eee ee 
LOD oes 4,800 +100 12,800 —1,000 4,950 +250 13,850 +50 
20 one tae ; 4,600 —100 12,700 —1,100 4,750 +50 13,500 —300 
80 eek : 4,700 0 13,400 —400 4,750 +50 13,900 +100 
AOac as Bey. 4,300 —400 13,700 —100 4,300 —400 13,800 0 
AB ee ee eo eee bee 4,750 +50 13,300 —500 4,750 +50 13,300 —500 
5{U feat Racha ase Oe te 4,900 +200 13,200 —600 4,900 +200 13,200 —600 

















1 Deviation from static weight. 


each axle of the truck was obtained first on 
the electronic scale and then on the con- 
ventional lever-system scale. The oscillo- 
scope pattern of the static weight for each 
axle while the truck was standing on the 
electronic scale is shown in figure 9. It is 
possible to vary the magnitude of the verti- 
cal deflection of the oscilloscope spot for a 
given load by turning the Y-amplitude dial. 
For example, it is possible to change the 
adjustment so that one division of the grid 
on the screen will represent 10 pounds, 
10,000 pounds, or any load between 10 and 
10,000 pounds. During this series of tests 
the Y-amplitude was adjusted so that the 
pattern for the load of the heavier axle of 
the truck covered most of the screen. This 
permitted the recorded weights as obtained 
from the patterns to be read with a greater 
precision than if a smaller scale were used 
to represent the same weight. 

After obtaining the static-load pattern, a 
series of weight patterns was obtained as 
the truck crossed the electronic scale at dif- 
ferent speeds, ranging from 10 to 50 miles 
per hour. These patterns are shown in 
figure 10. The difference between the 
magnitude of the static-load pattern for 
each axle, measured vertically, and the 
magnitude of each pattern while the truck 
was in motion is a direct measure of the 
error in the recorded axle weights. Table 
1 shows the recorded weights of the truck 
traveling at various speeds as obtained by 
translating the oscilloscope patterns into 
axle loads. 

There was some question during these 
initial tests as to whether the recorded 
weights were represented by the magnitude 
of the extremes of the axle-weight patterns 
or by the magnitude of the longest vertical 
lines of the patterns. One set of figures in 
table 1 is based on the longest vertical 
lines within the patterns, whereas the other 
set of figures is based on the extreme mag- 
nitudes of the patterns. In this test, the 
weights that are based on the extremes of 
the patterns correspond more closely with 
the static weights than those that are based 
on the longest vertical lines. This did not 
hold true in subsequent tests. Generally, 
the weight represented by the longest verti- 
line of a pattern corresponds more 
the static weight than the 
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closely with 
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weight represented by the extremes of the 
pattern. In either case, the maximum dif- 
ference between the static weight and the 
recorded weight while the vehicle was in 
motion was 400 pounds for the front axle, 
a difference of 8.5 percent. For the rear 


axle, the maximum error was 1,100 pounds’ 


or 8.7 per cent in the one case and 600 
pounds or 4.4 percent in the other case. 


THIRD AXLE 
4,860 LB. 


> 
(a) 
=) 
= 
n 
ve 
oO 
oO 
2 
2 
= 
oO 
iva) 
[sa] 


END OF STUDY 
















SECOND AXLE 
5, O1 OBIE B: 





Most of the errors shown in table 1 are 
within the precision with which it is possi- 
ble to read the magnitude of the oscillo- 
scope patterns. 


Major Errors in Dual-Axle Weights 


It should be noted that there is no consis- 
tent increase or decrease in error with an 
increase in the speed of the vehicle. A 
number of tests of this type were made, 
using two-axle trucks, during the period 
that improvements and adjustments were 
being made in the electrical equipment and 
in the procedures being developed for con- 
ducting more comprehensive studies of nor- 
mal traffic using the highway. Similar re- 
sults were obtained in all of these tests, 
there being no indication that a greater 
error was likely to occur at one particular 
speed than at another speed. Many minor 
improvements were made in the equipment 
during this period, but attempts to increase 
the accuracy by minor changes in the elec- 
trical apparatus were not successful. The 


FIRST AXLE 
6,240 LB. 


Figure 11.—Static weight patterns for a three-axle truck at the begin- 
ning and end of the study. 
cate their widths in divisions. 


The figures in the pattern bands indi- 





Figure 12.—Weight patterns (with unequal dead weights on load cells) for various speeds 
of the truck weighed statically in figure 11. - 
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use of equipment built especially for weigh- 
ing vehicles in motion rather than the pres- 
ent equipment, which was a combination of 
instruments already available commercially, 
appeared to be the only way in which a 
greater accuracy could be attained. The 
results obtained, however, appeared to be 
sufficiently accurate to justify a more ex- 
tensive test on the large variety of truck 
types using the highway. 

The results of the initial tests, in which 
trucks using the highway were weighed by 
the electronic scale as they passed the study 
location and were again weighed statically 
on the conventional lever-system scale, 
showed that extremely high errors were 
obtained for trucks with dual axles. To 
determine whether speed had any effect on 
the magnitude of the error in the weight 
of dual axles, a series of tests similar to 
the initial tests on two-axle trucks was 
conducted on a three-axle single-unit truck. 
The patterns obtained for the three-axle 
truck when it was operated at various 
speeds are shown in figures 11 and 12. 

Figure 11 shows the static weight pat- 
terns for each of the three axles at the be- 
ginning of the study and also at the end 
of the study. The difference between the 
magnitudes of the patterns at the begin- 
ning of the study and at the end of the 
study illustrates the drift of the calibration 
when tests are started without allowing a 
half-hour warm-up period. 

Figure 12 shows the patterns obtained as 
the three-axle truck crossed the scale at 
10, 20, 30, and 40 miles per hour. Trans- 
lating these patterns into weight measure- 
ments resulted in the data shown in table 
2. It may be seen that the speed of the 
truck had no consistent effect on the accu- 
racy of the recorded weights for the first 
axle, the errors in each case being within 
the precision with which the magnitude of 


WEIGHT 
FROM PATTERN 
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2ND AXLE 


22,000 LB. 
12,700 LB. 




















Table 2.—Recorded weights of three-axle truck at various speeds 
First axle Second axle Third axle 
Speed a ~ = | mi 
ecorded E L Recorded r Recorded i 1 
weight oe weight 3: | weight Br 
M.p.h. Lb. Lb. Lb. Lb. Lb. Lb. 
ae ey eae?) os See ees G2 240" eeaec cs sesh Pees Oi OLOD heen ote ster: 4,860 oe 
US Si eee EE EE rh ic Keene 6,500 +260 6,700 +1,690 6,500 +1,640 
QOS Poet ote tk to oa aricentereeer eee ts 6,450 +210 6,900 +1,890 6,800 +1,940 
SOM SPs oe ekre ~ aie pee ers ee 6,250 +10 7,350 +2,340 8,550 +3,690 
aL OR Cntr Shs, &. Sc ky Seer aaa 6,150 —90 7,700 +2,740 9,850 +4,990 





! Deviation from statie weight. 


the recorded patterns can be measured. 
The results for the second axle (table 2) 
show a marked increase in the magnitude 
of the error with an increase in speed of 
the truck. This is also true for the errors 
in the recorded weight of the third axle. 
The errors for the third axle at the higher 
speeds are considerably greater than the 
errors for the second axle. 


Improvements in Slab Suspension 


Some horizontal and vertical movement of 
the floating slab as the truck passed over it 
was noticed during the period in which the 
series of tests on the three-axle truck was 
conducted. The movement of the slab ap- 
peared to be causing impacts which were 
transmitted to the load cells. The’ impacts 
were definitely greater as the second and 
third axles went over the scale than with 
the passage of the first axle of a truck, 
especially at high truck speeds. 

It may be seen from figure 12 that the 
appearance of the patterns for the second 
and third axles of the truck is quite dif- 
ferent from the appearance of the patterns 
for the first axle, especially at the high 
speeds. It seemed desirable, therefore, to 
obtain more detailed pictures of the weight 
patterns. Figure 13 is such a picture of a 


{ST AXLE 
15,000 LB. 
12,700 LB. 


Figure 13.—Weight pattern for a dual axle traveling 53 miles per hour, with 
the floating slab not resting uniformly on the load cells (oscilloscope sweep 


at high speed). 


PUBLIC ROADS e Vol. 27, No. 1 














pattern for the dual axle of a semitrailer 
traveling 53 miles per hour. It was ob- 
tained by increasing the horizontal speed 
of the oscilloscope spot as it swept across 
the screen. In this case, the spot moved 
across the screen in one-fifth of a second 
and the dual axle was on the 3-foot scale 
platform for only one-tenth of a second. 
To obtain such a weight pattern approxi- 
mately centered on the oscilloscope screen 
requires split-second timing. The oscillo- 
scope spot, which starts its sweep off the 
screen, must be triggered so that the one- 
tenth-second weight pattern falls within the 
one-fifth-second visible sweep time. 

Each vertical deflection of the oscillo- 
scope spot may be seen as a separate line 
in figure 13. The spot traveled up and 
down at the rate of 400 oscillations per sec- 
ond, the magnitude of its vertical travel 
being controlled by the weight on the load 
cells. It therefore appeared, from a study 
of figure 13, that the load cells were being 
subjected to extremely rapid changes in 
load, possibly caused either by a horizontal 
movement of the slab, by a rocking of the 
slab on its four supports, or by vibrations 
in the slab, produced by the first axle of 
the tandem, that were still remaining at 
the time the second axle passed. 

Complete elimination of any vibratory 
movement of the floating slab, both verti- 
eally and horizontally, seemed desirable. 
The horizontal movement was eliminated 
by welding the turnbuckle tie bars to the 
brackets on the under side of the slab and 
on the walls of the pit. Previously these tie 
bars had been pin-connected and the pins 
had developed some play, although origi- 
nally they were tight enough to require that 
they be driven in place. 

It is extremely difficult to place an object 
as rigid as the slab on four supports and 
be certain that each support carries a fair 
share of the load. Repeated trials showed 
that a difference of as little as two- or three- 
thousandths of an inch in the height of one 
support was sufficient to cause the slab to 
rock and produce an impact which would 
result in a pattern similar to the one shown 
in figure 13. With the help of the company 
which manufactured the load cells and 
weighing kit, a system was developed 
whereby the static load of the floating slab 
on each cell could be determined. This 
made it possible to obtain approximately 
the same dead weight on each load cell. 


9 


Weight adjustments were made by grind- 
ing the bearing surface on top of the load 
cells rather than by the use of shims. 

After the bearing points of the floating 
slab on the load cells had been adjusted so 
that each cell carried approximately the 
same portion of the total weight of the slab, 
which was about 5,000 pounds, and the hori- 
zontal tie bars had been welded, patterns 
similar to those shown in figure 14 were 
obtained. Ail of the separate patterns 
shown in figure 14 were made by the rear 
axle of a single-unit truck. Other pat- 
terns made by dual axles were similar, and 
none had the extremely ragged appearance 
of the pattern shown in figure 13. There 
are, however, several characteristics of 
these patterns which as yet have not been 
explained. 

It may be noted that while the truck was 
stationary the pattern has a scalloped ap- 
pearance at the top. This same repetition 
rate of the scallops is found in the pattern 
of weights of moving vehicles and appears 
to remain constant regardless of the speed 
of the vehicle. It apparently occurs at a 
frequency of about 60 cycles per second, 
corresponding with the frequeney in the 
oscillation of the alternating current used 
to operate the electrical equipment. The 
magnitude of the peaks and valleys, how- 
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in the 
It may seem that the 
recorded load should be determined by using 
an average of the magnitude of the vertical 


ever, increased with an increase 


speed of the vehicle. 


lines at the peaks and at the valleys. This 
was not the case, however, since it can be 
seen from figure 14 that the length of the 
vertical lines at the peaks of all the pat- 
terns remains fairly constant regardless of 
speed, being about 16 divisions of the scale 
in all cases. 

It is interesting to note that the zero line 
immediately to the left of the weight pat- 
tern increases in width with an increase in 
the speed of the vehicle. This increased 
width is undoubtedly caused by vibrations 
in the slab immediately after an axle had 
passed over it. It is also interesting to 
note that the peaks caused by the vibra- 
tions of the siab are four or five oscilla- 
tions apart, which indicates that the fre- 
quency of vibration of the slab was 80 to 
100 cycles per second. This frequency does 
not correspond with the frequency of the 
valleys and peaks in the load pattern. 


Dual-Axle Weight Errors Continue 


With the floating slab resting uniformly 
on the four load cells and with the tie bars 
welded in position, a series of tests was 








Figure 14,— 
W eight patterns for 
the rear axle of a 
two-axle truck trav- 
eling at various 
speeds, with the 
floating slab rest- 
ing uniformly on 
the load cells and 
the tie bars welded 
(oscilloscope sweep 
at high speed). 


made of the accuracy of the scale by weigh- 
ing vehicles as they passed the study loca- 
tion. Under normal operation about half 
of the trucks passing the location have all 
tires on the 10-foot platform. To increase 
the data obtained in a given period and 
eliminate the need of weighing trucks (at 
the lever-system scale) which did not have 
all tires on the electronic scale, rubber 
cones were placed on the center line of the 
pavement used by southbound vehicles. 
Most of the weight recordings were then 
usable data for comparison with weights 
obtained at the lever-system scale. Any 
trucks passing with one or more tires off 
the scale were indicated by a transverse 
placement detector and their records elimi- 
nated from further consideration. 

During the first of a series of tests em- 
ploying vehicles that normally passed the 
study location, trucks were slowed to 10 
miles per hour for a short period and to 20, 
30, and 40 miles per hour for other periods 
to obtain a range of speeds. During the 
final period of the test, the trucks were per- 
mitted to operate at their normal speeds. 
Figure 15 shows results of these tests. 

In figure 15, the weight of each axle as 
shown by the oscilloscope pattern of the 
electronic scale is plotted against the actual 
weight of each axle as recorded at the lever- 
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arm scale. When the plotted point falls 
on the 45-degree line, there is no difference 
between the two weight recordings. For 
some of the axles the plotted points fall on 
or near the line, but in other cases, espe- 
cially for some of the dual axles, the plotted 
points fall off the 45-degree line a distance 
which represents more than 2,000 pounds. 
There is, however, fair similarity between 
the recorded weights at the two scales. 
Based on the weights indicated by the 
lever-arm scale, table 3 shows the variation 
in the average error of the electronic scale 
for various vehicle speeds. The difference 
between the weight of an individual axle 


as recorded by the electronic scale while 
trucks were moving at their normal speeds 
and its weight as recorded statically on the 
lever-arm scale was, on an average, about 
600 pounds for single axles and for the first 
axle of dual axles. The average error for 
the second axle of dual axles was 2,300 
pounds. On a percentage basis, these er- 
rors amount to 6.5 percent for single axles, 
4.4 for the first of dual axles, and 16.7 for 
the second of dual axles. At other speeds, 
the errors in some cases were higher than 
at normal speeds and in some cases lower, 
there being no consistency in the effect of 
speed. 














pee 


The errors shown in table 3, which was 
just discussed, are average values for in- 
dividual axles. Some of the weights re- 
corded by the electronic scale were higher 
and some were lower than the weights as 
recorded at the lever-system scale. If the 
cumulative weight of all trucks recorded at 
the one scale is compared with the cumu- 
lative weight of the same trucks at the 
other scale, the errors are much lower, as 
shown in table 4. For example, table 4 
shows that if it is desired only to obtain the 
total tonnage on the highway during the 
study period, the results obtained by the 
electronic scale would, on an average, be 
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Figure 15.—Accuracy of electronically recorded axle weights of trucks operating at various speeds. 
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Table 3.—Average absolute errors in recorded axle weights for trucks at various speeds’ 


Speed of trucks 


Error in pounds 


Error in percent 





Dual axles Dual axles 








First Second 








166 pounds higher for each single axle and 
482 pounds higher for each dual axle than 
the results at the lever-arm scale. The 
total weight of all single axles as recorded 
by the electronic scale with the trucks in 
motion was 1.5 percent higher than their 
static weight recorded at the conventional 
lever-arm scale. The corresponding figure 
for dual axles was 4.2 percent. 


High Truck Speeds 


The normal speeds of trucks were higher 
at the electronic scale than on the average 
highway. Figure 16 shows that 74.3 per- 
cent of the trucks exceeded 45 miles per 
hour and 40 percent exceeded 50 miles per 


hour, with 2 percent in the 65—70-mile 
range. The average speed was 48.4 miles 
per hour. These are the speeds that the 


trucks were traveling when their weights 
were recorded by the electronic scale, ex- 
cept during special tests when the trucks 
were purposely slowed by special signs and 
police-officer control. 

Vibrations in the slab appeared to be 
causing erroneous weight recordings for 
axles that crossed the scale immediately be- 
hind other axles. These vibrations were 
the aftermath of the suddenly applied wheel 
loads. Support by an additional load cell 
placed under the center of the slab would 
have reduced the bending moments pro- 
duced by the loads and probably reduced 
the magnitude of the vibrations. This, 
however, would have required changes in 
the design and calibration of the weighing 
kit since it had already been modified from 
a single-cell unit to one for use with four 
load cells (but not five). 

As an alternative to an additional sup- 
port, vertical bolts extending through the 
floating slab and securely anchored to the 
bottom of the pit were installed at the cen- 
ter and at each end of the floating slab. 
Tightening the nuts on the bolts against 
the top of the slab permitted the load cells 
and the slab to be preloaded. Tension up 
to 6,000 pounds could be applied to each 
of the three bolts. Preloading the slab 
would change its vibration period, thus per- 
mitting additional data to be obtained for 
a study of the vibration problem. 

After a load had been applied with the 
bolts, the weight-recording instruments 
were adjusted to show a zero load with no 
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450 
325 
878 
850 


600 
755 














1 Based on total of 96 axle weights. 





Table 4.—Average algebraic error in 
recorded weights for trucks at 
; various speeds 


Speed of trucks Single axles Dual axles 





Lb. Lb. Perce 
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20 ph ee Ne —5 +675 10.1 
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40 m.p.h +1,333 +258 1.8 
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Figure 16.—Normal operating speeds of trucks at the electronic scale 


location. 


truck on the scale. With a truck axle of a 
known weight on the scale, however, the 
weight as shown by the scale dials was less 
than the actual weight of the axle by the 
amount that the tension in the bolts was 
reduced due to the additional bending of 
the slab. For example, a truck having a 
weight of 18,000 pounds when there was 
no tension on the bolts showed an indicated 
reading of 14,600 pounds on the dials when 


2ND AXLE 
14,500 LB. 
12,600 LB. 
9,200 LB. 


1ST AXLE 
41,200 LB. 
9,100 LB. 
9,200 LB. 





there was an initial load of 4,200 pounds 
on the center bolt and no load on the end 
bolts. Likewise, with 5,000 pounds on the 
center bolt and 6,000 pounds on each end 
bolt, the dials showed a reading of only 
10,400 pounds for the 18,000-pound axle 
weight. It was therefore necessary to cali- 
brate the scale each time that a change 
was made in the tension placed in the bolts 
to preload the slab. 


WEIGHT FROM PATTERN 
MAXIMUM PEAK 
CENTER PEAK 
CORRECT 


Figure 17.—Weight pattern of a dual axle traveling 45 miles per hour, 
with no preloading of the floating slab. 
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Preloading Improved Accuracy 


The preloaded scale was calibrated by 
recording the static weights of several axles 
on both the electronic and lever-arm scale 
immediately prior to each test in which ve- 
hicles in motion were weighed. This pro- 
cedure was necessary to eliminate the ef- 
fects of temperature changes which affect 
the amount of tension in the bolts. 

Tests following the addition of the bolts 
showed that the preloading produced 
smoother oscilloscope weight patterns and a 
greater accuracy in the weighing of vehi- 
cles in motion. Figure 17 shows the weight 
pattern recorded for a dual axle on a truck 
traveling 45 miles per hour when the slab 
was not preloaded. Figure 18 shows the 
same information for another truck, also 
traveling about 45 miles per hour, when the 
slab was preloaded 2,500 pounds by the 
eenter bolt. 

In figure 17, each division of the vertical 
scale represents 1,000 pounds. The peak 
of the pattern for the first axle represents 
a load of 11,200 pounds, or 2,000 pounds 
more than the correct weight of the axle. 
The peak of the pattern for the second 
axle represents a load of 14,500 pounds, or 
5,800 pounds more than the correct weight 
of the axle. Examination of the pattern 
shows that the correct weights of the axles 
are represented by the second peak in the 
pattern for the first axle, and by the third 


nj PEAK in the pattern for the second axle. 


This relation did not always hold true, how- 


sheleVer, and while it was generally possible for 
{Someone familiar with the shape of the pat- 


terns to estimate the weight of axles with 
a high degree of accuracy by using a little 
judgment, a satisfactory scale must show 
consistent results without involving per- 
sonal opinion. 

The shape of the pattern in figure 18 and 
other patterns made with the slab preloaded 
by applying tension on the bolts was gen- 





2ND AXLE 
13,800 LB. 
13,600 LB. ¥ 


% py OF TOTAL 


1ST AXLE 
14,100 LB 
13,600 LB * 





Table 5.—Effect of preloading of floating slab on average absolute errors in recorded 
weights of individual axles 


Single axles 


Load on floating slab 


axles 








First Second 





Error Error 





No preloading 

4,200 pounds on center bolt 

5,000 pounds on center bolt; 6,000 
pounds on each end bolt 





Lb. 
1,442 
592 


790 


Lb. 
2,246 
928 


Percent 
23.9 
Ved 


Percent 
15.3 13 
4.9 6 





6.0 11 1,140 8.7 








Table 6.—Effect of preloading of floating slab on average algebraic error in recorded total 
weights for all axles 


5 Single axles 
Load on floating slab 


Dual axles 





First Second 





Error 


Error Error 





Lb. 
No preloading 686 
4,200 pounds on center bolt 21 
5,000 pounds on center bolt; 6,000 
pounds on each end bolt 63 








erally less erratic than the patterns made 
without preloading the floating slab. All, 
however, were not as uniform as those of 
figure 18, nor did the weights correspond 
as closely with the correct weight of the 
axles. The patterns continued to show 
peaks of the same frequency regardless of 
the load on the bolts, apparently proving 
that the major peaks and valleys were not 
caused by vibrations of the slab or by im- 
pact loads produced by the trucks. 

The effect that preloading had on the 
accuracy of the scale for weighing trucks 
traveling at their normal speeds is shown 
by figure 19. Prior to the tests during 
which these data were obtained, the bearing 
plates of the load cells were not adjusted 
so that each cell carried the same portion 


WEIGHT 
FROM PATTERN 
CORRECT 


Figure 18 —Weight pattern of a dual axle traveling 45 miles per hour, with 
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preloading of 2,500 pounds at the center of the floating slab. 
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of the dead weight of the slab. The ad- 
justment was omitted because it was one 
purpose of the test to determine whether 
preloading of the slab and cells would elimi- 
nate the need of such an adjustment. The 
results as shown by the upper chart in 
figure 19 are therefore more erratic than 
those of figure 15, which were obtained 
with the best possible adjustment of the 
bearing plates. 

A study of the results shown in figure 19 
indicates that there was a definite improve- 
ment in the accuracy of the scale when the 
slab was preloaded. A few erratic results 
were obtained, however, especially for the 
second axle of the dual axle shown in the 
lower left-hand chart of figure 19 for which 
a weight of 10,800 pounds was recorded 
while its correct weight was 17,800 pounds. 
It is believed that in this case one tire of 
the axle was not on the scale as the truck 
passed the study location. This would have 
been called to the attention of the scale 
operator had the lateral placement detector 
been in use during this test. Such an oc- 
currence was so rare after the rubber cones 
were placed on the lane line that use of the 
placement detector was considered unneces- 
sary. 

The average errors of the electronic scale 
with and without preloading of the slab are 
shown in tables 5 and 6. In table 5, the 
average errors in the recorded weights of 
individual axles are shown. Preloading the 
slab by placing either a tension of 4,200 
pounds on the center bolt or 5,000 pounds 
on the center bolt and 6,000 pounds on each 
of the end bolts reduced the magnitude of 
the errors, measured in pounds, by an aver- 
age of about 50 percent. Measured as a 
percentage of the actual weight, preloading 
the slab cut the errors in the recorded 
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weights of individual axles by at least half 
and in most cases by considerably more 
than half of what they were without pre- 
loading the slab. 

Table 6 shows that when the slab was 
preloaded the total weight of all axles re- 
corded while the trucks were traveling at 
their normal speeds was remarkably close 
to their total static weight. With a ten- 
sion of 5,000 pounds on the center bolt and 
6,000 pounds on each end bolt, the cumula- 
tive errors were plus 0.6 percent for the 


single axles, minus 3.0 percent for the first 
of the dual axles, and minus 1.5 percent 
for the second of the dual axles. These 
are well within the limits of precision neces- 
sary for such highway-planning purposes as 
a determination of gross tonnage of trucks 
traveling over a highway. 

A factor which may have resulted in 
charging errors to the electronic scale im- 
properly, throughout these studies, was the 
assumption that both axles of a dual axle 
carried the same weight whenever separate 











readings were not taken at the lever-sys- 
tem scale. For 68 percent of the dual 
axles, the second axle weighed more than 
the first axle, according to the lever-arm 
scale. The reverse was true for the other 
37 percent. Table 7 shows the magnitude 
of the differences in weight between the two 
axles of the duals. The difference in four 
cases was about 4,000 pounds. Since sep- 
arate weights were obtained at the lever- 
system scale for less than 50 percent of 
dual axles weighed at the electronic scale, 
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Figure 19.—Accuracy of electronically recorded axle weights, with no preloading of the floating slab (above), with preloading at the 
center, and with preloading at the center and both ends, 
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the assumption that equal weights were 
carried on both axles of a dual axle when 
they were not weighed separately probably 
caused many of the major indicated errors 
of the electronic scale. 


Table 7.—Distribution of weight differentials 
between the two axles of duals 







Difference in weight Number of dual axles 
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Under. 500042 eens 30.6 
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2, 000'Or MOre.c ce eee oe ars 18.4 


Other Improvements Tried 





While it is realized that the method used 
for preloading the slab would not be satis- 
factory for a practical scale because fre- 
quent recalibration would be required, the 
method did provide a means of studying 
the causes of inaccuracies. For a practical 
installation, additional load cells to mea- 
sure the tension in the bolts should be con- 
nected in parallel with the present cells. 
This would eliminate the need for recali- 
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brating the instrument with changes in 
temperature. 

As a further effort to improve the scale’s 
accuracy, the electrical circuits were changed 
to include an integrator. Basically, the 
purpose of the integrator is to smooth the 
pattern by reducing the magnitudes of the 
valleys and peaks, and to change the be- 
havior of the oscilloscope spot so that the 
load deflections are only in the one direc- 
tion. This makes it possible to calibrate 
the screen so that each horizontal line rep- 
resents a certain load, thereby eliminating 
the need for measuring the total length of 
the ordinate of a weight-pattern. Figure 20 
shows a calibration pattern using the inte- 
grator, and figures 21 and 22 show typical 
weight patterns for trucks when the inte- 
grator was used. The accuracy of the scale 
using the integrator was not always as 
‘good, however, as figures 21 and 22 indi- 
cate. The results obtained during its use, 
as shown by figure 23, are too limited to 





Figure 20.—Weight calibration pattern with an integrator used in 


the circuit. 


formity of the results. They appear to 
compare favorably with results obtained 
with the oscilloscope. 


Speed and Axle Spacings Measured 


The equipment used for electronic weigh- 
ing also permits the recording of vehicle 
speeds and axle spacings at the same time. 
Figures 26 and 27 show the accuracy in 
axle spacings obtained with the electronic 
weighing equipment. 

More accurate measurements of axle spac- 
ings were possible after the square-wave 
generator was available to insert time 
marks on the screen than without the gen- 





SINGLE AXLE WEIGHT DUAL AXLE 


FIRST BECOND erator. The average error in measuring 

14,000 LB. FROM PATTERN 12,700 LB. 13,550 LB axle spacings was 0.5 foot without using 

14.200 LB. CORRECT 13,200 LB. x 13,200 LB. the generator and 0.4 foot with the genera- 

: %* 1% OF TOTAL tor. These figures are based on the as- 

sumption that the manual measurements 

Figure 21.—Weight patterns for a single axle and a dual axle, using the inte- of axle spacings were correct to the nearest 
grator (oscilloscope sweep at high speed). tenth of a foot. It is highly probable, how- 


use as a basis for determining whether or 
not the integrator helped to improve the 
accuracy of the scale. 

In the latest change made on the scale, 
an oscillograph was substituted for the os- 
cilloscope as the recording instrument. Figure 22.—Weight pattern 
The advantages or disadvantages of this for a three-axle truck, us- 
change cannot be determined without fur- ing the integrator (oscil- 
ther tests. The oscillograph does, however, loscope sweep at normal 
have one important advantage—a perman- speed ). 
ent record is obtained immediately without 
the need of taking a picture or developing 
a film. The type of record made by the 
oscillograph is shown in figure 24, and the 
data recorded during its use are shown in 
figure 25. Since the oscillograph had not 
been calibrated to show the load in pounds, 
figure 25 is useful only to show the uni- 
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Figure 24.—Oscillograph recording of axle weights of a four- 


axle tractor-semitrailer. 
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Figure 23.—Accuracy of electronically recorded axle weights, 


using the integrator. 


ever, that the results obtained electronically 
are more accurate than those obtained man- 
ually. Great care was not taken in the 
manual measurements because it was not 
expected that the electronic measurements 
made while the trucks were traveling at 
their normal speeds would be accurate to 
within less than one foot. 


Design Improvements 


The results and observations presented in 
this progress report are those that have 
been obtained to date. The scale is now 
being modified both structurally and electri- 
cally to embody several of the features that 
the tests thus far have shown to be desir- 
able. Electronic improvements have al- 
ready been discussed in the description of 
the circuitry. 

The major change being made in the 
structural design involves the location of 
the load cells. In the original design, the 
load cells were nearly 10 feet apart in the 
transverse direction of the roadway. The 
tread width of the heavier trucks is approx- 
imately 8 feet, measured from outside to 
outside of tires. The centers of the loads 
transmitted to the pavement by the two 
sets of dual tires on one axle are thus about 
6 feet apart. 

Locating the load cells so that they are 
directly under the tires should practically 
eliminate the bending moments in the slab 
and the resulting vibrations. In the modi- 
fied design, the load cells are being placed 
6% feet apart. 
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Figure 25,—Uniformity of oscillograph recordings of axle 


Tie bars to prevent any horizontal move- 
ment of the floating slab are also being 
located at the surface of the pavement. 
These will supplement those already in- 
stalled, which are about 15 inches below the 
surface. There are other changes that 
would be ‘desirable but which cannot be in- 
corporated in the present scale without re- 
building the entire pit and slab. For ex- 
ample, three-point suspension, which is en- 
tirely feasible, might ultimately be adopted 
should too-frequent adjustment of the bear- 
ing plates in a four-point suspension sys- 
tem be found to be necessary. 

One essential improvement which has not 
been mentioned is the waterproofing of the 
load cells. The load cells used in these 
tests were housed in a supposedly water- 
proof jacket with a bag of silica gel to de- 
humidify the air within the jacket. On two 
occasions a cell was replaced because the 


weights. 


jacket became filled with wdter. At the 
end of the tests, three of the jackets were 
filled with water and the fourth was damp. 
Moisture, of course, destroys the accuracy 
of resistance-wire strain gages. It is prob- 
able that some water in the cell jackets 
penetrated the water-resistant coatings of 
the strain gages and introduced undetected 
errors before a saturation of the gages, 
which caused obvious errors, made it neces- 
sary to replace the cells. Those now being 
installed are moistureproof in themselves, 
and should serve satisfactorily. 

With the changes that are now being 
made, there is reason for confidence that 
the electronic scale will provide a means of 
obtaining data for highway planning and 
permit enforcement of legal limits at low 
costs and without inconveniencing the large 
majority of truck operators who load pro- 
perly. 
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Figure 26.—Accuracy of electronically recorded axle spacings, with and without the square-wave generator. 
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Figure 27.—Errors in electronically recorded axle spacings, HIGHWAY STATISTICS, 1950 


at normal road speeds. Now available is the Bureau of Public 


Roads’ Highway Statistics, 1950, the sixth 
of the bulletin series presenting annual 
statistical and analytical tables of general 
interest on the subjects of motor fuel, motor 
vehicles, highway-user taxation, financing of 
highways, and highway mileage. Included 
for the first time is information concerning 
the financing of local streets. Highway 
Statistics, 1950 is for sale by the Superin- 
tendent of Documents, U. S. Government 
Printing Office, Washington 25, D. C., at 
60 cents a copy. The full series of the an- 
nual bulletins are available from the Super- 
intendent of Documents, as indicated on the 
inside back cover of PUBLIC ROADS. 


‘UBLIC ROADS e Vol. 27, Ne. 1 17 





Weathering Tests on SR-4 Strain Gages 


BY THE PHYSICAL RESEARCH BRANCH 


BUREAU OF PUBLIC ROADS 


Reported by E. G. WILES 
Highway Physical Research Engineer 


The use of SR-4 strain gages to deter- 
mine strains in steel bridges is important in 
highway research. For such work it is de- 
sirable that the gages be attached and pro- 
tected so that not only can they be used 
when first installed to record strain caused 
by loads, but also re-used for a similar pur- 
pose at some later time, possibly after a rela- 
tively long period of time has elapsed. 
Tests of several commercial materials, re- 
ported in this article, demonstrate that some 
of them will serve satisfactorily for cement- 


ing and weatherproofing the gages for at 
least 31% years. 


REPARATORY to a test program in 

which strains caused by different types 
and magnitudes of vehicular loads on high- 
way bridges are to be determined, two ques- 
tions needed to be answered: Can SR-4 
electrical resistance strain gages be main- 
tained in working condition over a period 
of a few days when exposed to severe 
weather conditions; and can they be main- 
tained over longer periods of time and re- 
used when needed for additional tests on 
the same structure?’ In answer to these 
questions, the limited study reported here 
shows that SR-4 strain gages can be satis- 
factorily weatherproofed so as to record 
faithfully even after long periods of ex- 
posure to the weather. 


Method of Test 


Although other work has been done on 
this problem, the rather simple means 
adopted to determine the effectiveness of 
the gages and certain combinations of ce- 
ments and weatherproofing materials have 
not been previously described in the litera- 
ture. 

In July 1948, 24 type A-3 SR-4 electrical 
resistance strain gages were installed in 
pairs on opposite sides, in the center of each 
of twelve %- by 2- by 14-inch cold-rolled 
steel bars. Different kinds of cements, 
weatherproofing materials, and installation 
techniques were used, varying from. no 
covering over the gages to a rather heavy 
combination of coverings. The bars were 
then exposed to the weather. 

At periodic intervals, to determine 
whether or not the gages were function- 
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ing, each steel bar was supported as a sim- 
ple beam with a 12-inch span length and a 
fixed load was applied at the third points. 
Strain measurements were made at no load 
and again under therload condition, and the 
strain difference computed. Since the same 
loading was used throughout the tests, the 
strain difference remained relatively con- 
stant in all cases where the gages were per- 
forming properly. 


Preparation of Specimens 


The cold-rolled steel bars used as speci- 
mens were first cleaned and painted. Areas 
for the gages and for bearings for third- 
point loading and support were kept free 
from paint during painting operations by 
covering with pieces of cellulose tape. The 
tape was removed after the paint dried. 

For identification purposes, bars were 
stamped A, B, C, ete., through L and, in 
order that bars might be kept in the same 
position when exposed, a letter T (for top) 
was marked on one side of each bar. 

The gages were of the electrical resis- 
tance type and were purchased commer- 
cially. The gage wire was a cupro-nickel 
alloy and was cemented to a thin paper 
backing which made possible easy applica- 
tion to a test specimen. The effective gage 
length was thirteen-sixteenths of an inch. 
The resistance of each gage was approxi- 
mately 120 ohms and the gage factor, which 
is the ratio of unit change in resistance to 
unit change in length, was determined by 
calibration by the manufacturer as 2.05 
Soule percent: 

Before installing the gages, the surface 
of the metal was sandpapered and then 
washed with carbon tetrachloride and ace- 
tone. Three kinds of cement were used to 
attach the gages to the steel bars, as fol- 
lows: 

Fourteen gages, on specimens A, D, F, G, 
H, K, and L, were attached by SR-4 cement 
purchased from the Baldwin-Lima-Hamil- 
ton Corporation as part of a kit of cement- 
ing materials. 

Six gages, on specimens B, EK, and I, were 
attached with Duco household cement pur- 
chased locally in Washington, D. C., in a 
tube. 

Four gages, on specimens C and J, were 
attached with HO cement furnished by the 
Celanese Plastics Corporation. On specimen 
J, the heat from two 250-watt infrared 
lamps was concentrated on the gages for 
20 minutes after gage application. 


Pairs of stiff lead wires, 24-gage (0.020- 
inch diameter) phosphor bronze, were sol- 
dered to and at right angles with the gage 
pigtails. Pieces of adhesive tape were used 
as insulation between the lead wires and 
the steel bar. Additional tape over the 
wires held them parallel and against the 
surface of the insulating tape. Lead wires 
from the top and bottom gages extended 
out from opposite edges of the bar 114 inches 
beyond and perpendicular with the edge. 

After 4 days the gages were coated with 
the different types of weatherproofing ma- 
terial, except for gages on specimens A, B, 
and C, which were left uncoated. 

Gages on specimens D and J were coated 
with approximately one-sixteenth-inch thick- 
ness of melted Petrosene A wax purchased 
from the Baldwin-Lima-Hamilton Corpora- 
tion. On specimen J, over this wax coat- 
ing was placed another coat of approximate- 
ly one-eighth-inch thickness of Ozite B 
heated to 400° F. This material was pur- 
chased from the G. and W. Electric Spe- 
cialty Company. 

Gages on specimen E were coated with 
approximately one-sixteenth-inch thickness 
of vaseline from available stock. Gages on 
specimens F and G were covered with Dow- 
Corning silicone ignition sealing compound 
about one-sixteenth-inch thick: Gages on 
specimen F were covered with C24 com- 
pound and those on specimen G with C28 
compound. 
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Figure 1—Mercury connector. 
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Gages on specimen H were coated with 
approximately one-sixteenth-inch thickness 
of melted ceresin wax purchased on Govy- 
ernment contract from the J. T. Baker 
Chemical Company. Gages on specimen I 
were first coated with about one-sixteenth- 
inch thickness of Ozite A heated to 400° F., 
followed by a wrapping of electrician’s rub- 
ber tape and a second wrapping of friction 
tape. This top surface was then covered 
with another coating of Ozite A. 

Gages on specimen K were covered with 
approximately one-eighth-inch thickness of 
Fenox No. 3005 furnished by the Bakelite 
Corporation. Gages on specimen L were 
covered with Short Stop, a dry-sealing in- 
sulator purchased from Buchanan Associ- 
ates, Inc. 

The materials used for adhesives and for 
weatherproofing in these tests were selected 
because they seemed to have possibilities for 
these purposes. Similar materials, produced 
by other manufacturers, might have been 
equally as effective as those covered in this 
report. Furthermore, some of the materials 
that were tested and found to be unsatis- 
factory were not produced for this use by 
their manufacturer; consequently their fail- 
ure is not an indication of poor quality. 


Mercury Connectors 


Special mercury connectors were con- 
structed to connect the phosphor-bronze 
lead wires to a suitable recording instru- 
ment. The connectors were a modification 
of an existing design’ and were particularly 

1 Improved techniques and devices for stress analysis with 
resistance wire gages, by W. V. Bassett, H. Cromwell, and 


W. E. Wooster. Proceedings of the Society for Experi- 
mental Stress Analysis, vol. III, No. 2, p. 76. 





Figure 2.—Appearance of gages at beginning of weathering tests. 


suitable because of their low and constant 
contact resistance. The two principal mod- 
ifications of these connectors were the use 
of stainless-steel bullet-nosed tips at the 
terminal ends in the mercury wells, to aid 
in making direct contact with the phosphor- 
bronze wires after they have been pushed 
into the wells; and the use of cross-slitted 
rubber biological stoppers as diaphragms, 
to hold back the mercury. No. 18 solid cop- 
per insulated wires connected the mercury 
connectors to the recording instrument. A 
drawing of the modified connectors, as used 
on these tests, is shown in figure 1. 

The ends of the stiff phosphor-bronze 
lead wires connected to the gages and ex- 
tending out from the edge of the bar are 
guided into the bottom of the tubes through 
the small inverted funnels. By holding the 





Figure 3—Equipment for making strain measurements. 
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wires firmly and giving a slight push, the 
ends of the wires can be forced through 
the rubber biological stoppers and into the 
mercury wells. After readings are ob- 
tained the lead wires are withdrawn. The 
rubber diaphragms close behind the wires 
and prevent mercury from escaping. 


Weathering Tests 


The steel bars on which the gages were 
mounted were placed horizontally on a 
wooden rack, as shown in figure 2, and ex- 
posed to prevailing weather conditions on 
the flat roof of a building near Washington, 
D. C. One gage on each bar was exposed 
face up to the elements and the other gage 
of the pair was face down towards the roof. 
The rack was blocked up so that air could 
circulate freely under and around the gages. 
The conditions of exposure of pairs of these 
gages simulated those to which gages might 
be exposed when mounted on horizontal 
bridge members. Observations were made 
initially at intervals of a few days, later 
at weekly intervals, and at present the 
observations are being made at intervals of 
approximately a month. 


Strain Measurements 


On days when strain measurements were 
to be made, the rack full of bars was brought 
into the laboratory a few hours in advance 
in order that they might adjust themselves 
to laboratory temperature conditions. In 
no case were bars brought in when it was 
raining or when it appeared that rain was 
imminent. At first, unpainted places on the 
bars, left for the load and support bear- 
ings, were coated with grease to prevent 
rusting. The attempt at rust prevention 
was not successful, however, and after the 
first few weeks no further care was given 
these surfaces. This had no apparent effect 
on the test results. 

Initially an SR-4 Wheatstone bridge con- 
trol box was used to measure strains, but 
40 days after the beginning of the tests a 
type K strain indicator was purchased and 
it has been used since. 
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As previously mentioned, the bar was de- 
flected as a simple beam under loads ap- 
plied at the third points of the span length. 
Figure 3 shows the equipment used for 
applying load and for measuring strains. 
A total load of 212 pounds was supported 
by a chain hoist, until after the bar had 
been positioned on the supports, and an 
initial no-load reading obtained on the 
strain indicator. The load was then low- 
ered until supported completely by the steel 
bar. A yoke moving in guides kept the 
third-point loading device and the suspended 
weights in position. The weights, attached 
by a hooked rod to the yoke, can be seen 
under the table. An opening in the center 
of the table gave sufficient clearance for the 
yoke, supporting the weights, to move 
freely. The type K indicator is at the left 
while a Leeds and Northrup type S testing 
set, used for measuring resistances of the 
gages, is shown at the right. More recently 
a Simpson model 260 volt-ohm-milliam- 
meter has been used for a more rapid check- 
ing of the gage resistances. 

In order to prevent any difference be- 
tween the two mercury terminals from af- 
fecting the strain readings, the upper strain 
gages were always connected to one termi- 
nal while the bottom gages were always 
connected to the other. These mercury ter- 
minals, in turn, were always connected cor- 
respondingly to the same terminal posts on 
the strain-measuring equipment. 

By having the gage on the tension side 
of the beam serve as one arm of a Wheat- 
stone bridge and the gage on the compres- 
sion side serve as an adjacent arm of the 
same bridge, temperature compensation was 
provided and the strain magnitude measured 
was the total for the two gages, or double 
that of either the tension or compression 
value. For the conditions described the 
combined strain measured was approxi- 
mately 1,400 microinches. Normally, gages 
would record this amount of strain through- 
out their service life. Failure of gages was 


indicated by a marked change from this 
value. 

If failure occurred in the top gage of a 
beam being loaded, the mercury terminal 
normally used to connect to it was con- 





Figure 4.—Appearance of gages after failure on bars A, B, and C. 
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Table 1.—Materials and service lives of SR-4 strain gages in weathering tests 


Specimen 
0. 


Cement 


Weatherproofing material 


Service life 





Bottom gage 





Vaseline 


Ceresin wax 


Petrosene A wax, 
Fenox No. 3005 
Short Stop 


A 
B 
Cc 
D 
E 
F 
G 
H 
I 
J 
K 
L 








nected instead to the top gage on another 
bar. This second bar was not loaded, but 
was placed adjacent to the loaded one and 
used solely to compensate for temperature 
changes. A similar procedure was fol- 
lowed in case a bottom gage failed. In 
these instances only one gage was deformed 
by the load and consequently the strain re- 
corded was approximately 700 microinches. 


Service Life 


Now, after approximately 344 years of ex- 
posure, it is of interest that pairs of gages 
on four bars and the bottom gage on one 
additional bar are still functioning satis- 
factorily. A tabulation showing the differ- 
ent types of cements, the weatherproofing, 
and the service life for all of the specimens 
is shown in table 1. 

The six gages on three bars that had no 
special weatherproofing had surprisingly 
long service lives, from 116 to 224 days. 
The bottom gages failed first in each case. 

The appearance of the top gages on 
these bars after failure to record strain 
is shown in figure 4. Moisture, corrosion, 
and temperature changes caused the gages 
eventually to peel away from the surface 
of the bar and no longer respond to deform- 
ation caused by load. They indicate the 
gage resistance of approximately 120 ohms 
with a very slight increase in strain under 
load because a small part of their effective 
gage length is still in contact with the bar. 

Of the four pairs of gages still function- 
ing satisfactorily, thus showing effective 
weatherproofing, Petrosene A wax and 


Petrosene A wax........ 


DC 4 ignition sealing compound C 24 
DC 4 ignition sealing compound C 28 


Ozite A, rubber tape, friction tape, Ozite A 
Ozite B 











1,300+ 





Ozite, either singly or in combination, were | 


used on three pairs (on specimens D, I, and 
J). Heat is required to melt and apply 


both of these materials, Petrosene being a 


microcrystalline wax and Ozite a bitumin- 
ous compound. For laboratory installations 
the use of these materials is not a problem. 
For field installations, however, heating the 
materials to proper temperatures and ap- 
plying them to gages, especially on the un- 
derside of bridge members, might be diffi- 
cult. i 

The other material that has proved to be 
effective in weatherproofing a pair of gages 
(on specimen K) is Fenox No. 38005, an 
electrical sealing compound. It is slightly 
tacky and adheres readily to the metal sur- 
face surrounding the gages. It is of putty- 
like consistency and can be applied with a 
spatula or the fingers and heating is not 
required. Exposure does 
have changed its properties. | 

The bottom gage on the beam (specimen 


L) that is still recording strain has a coat-_ 


ing material different from any of the 
above. This material, known as Short Stop, 
forms a varnishlike coating, and has con- 
tinued to give satisfactory weathering pro- 


tection on the bottom gage, in spite of the 


fact that the top gage on this same bar 
was the first one to fail. It is a matter of 
conjecture as to whether this failure was 
inherent in the gage itself or caused by 
some deterioration of the weatherproofing 
material. For more positive results in tests 
of this kind more than one specimen of 
each type of weatherproofing should be in- 
cluded. However, it is indicated by these 
tests that SR-4 gages mounted on steel can 
be weatherproofed and will record satisfac- 
torily after long periods of exposure to all 
of the usual weather conditions. 
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Bibliography on Land Acquisition for Public Roads. 
Bibliography on Roadside Control. 

Express Highways in the United States: a Bibliography. 
Indexes to PUBLIC ROADS, volumes 17-19, 22, and 23. 

Road Work on Farm Outlets Needs Skill and Right Equipment. 
Title sheets for PUBLIC ROADS, volumes 24, 25, and 26. 
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